INTRODUCTION
A number of full-scaleˆeld case histories showed a paramount importance of time eŠects on the stress-strain behaviour of granular materials, for example, long-term settlements of shallow foundations, the time-dependent bearing capacity of driven piles, residual settlements of high earth structures, such as rockˆll dams and high highway embankments, and so on (e.g., Tatsuoka et al., 2000; Jardine et al., 2005 Jardine et al., , 2006 ; Oldecop and Olenso, 2007) . The time eŠects on the stress-strain behaviour of geomaterials comprise: i) the ageing eŠects in the material intrinsic stress-strain properties due to time-dependent inter-particle bonding and weathering and others, and ii) the loading rate eŠects due to the material viscous properties (e.g., Tatsuoka, 2007; Tatsuoka et al., 2008a, b) . Therefore, proper understanding of not only the ageing eŠects but also the viscous properties of geomaterials are then essential for the practical implications mentioned above. For example, the time scale and range of strain rate are substantially diŠerent between such full-scalê eld cases as described above and ordinary laboratory creep loading tests. A relevant constitutive model (or models) is (are) then necessary for accurate predictions of creep deformation of ground and creep displacements of structure in theˆeld when based on the viscous properties evaluated in laboratory stress-strain tests on geomaterials. This is one of the objectives of the present study. Moreover, valuable information related to the internal soil structure and its eŠects on the deformation mechanism can be inferred from the viscous properties observed in the laboratory stress-strain tests, as discussed in this paper.
Previously, it was generally considered that unbound granular materials do not exhibit signiˆcant rate-dependent behaviour, including creep deformation. However, Yamamuro and Lade (1993) . For illustration, the same stress-strain curve when ·e is equal to ·e0 is assumed for the four viscosity types. At point A, an identical positive stress jump upon a step increase in ·e, from ·e0 to 10･ ·e0 is considered and cement-mixed soils (Kongsukprasert and Tatsuoka, 2005) . These studies also revealed that the viscous properties of geomaterials, including those of unbound granular materials, were not unique (or not of a single type), but that diŠerent viscosity types existed depending on the type of geomaterials distinguished in terms of inter-particle bonding, particle grading, particle shape and so on. The majorˆndings from these studies and others can be summarized as follows: a) Four basic viscosity types were identiˆed, namely Isotach, Combined, TESRA and Positive & Negative (P&N) (Tatsuoka et al., 2008a) , which are explained below referring to Fig. 1 . It is very di‹cult to express all of them in a uniˆed fashion by a single existing elasto-viscoplastic model, such as the overstress model (Perzyna, 1963 ) (Tatsuoka et al., 2000; Sorensen et al., 2007b) or the visco-hypoplastic models (Gudehus, 2004 (Gudehus, , 2006 . A more general and ‰exible model framework is necessary to adequately deˆne and classify these various viscosity types. To this end, the three-component model framework ( Fig. 2 ) is employed in the present study. According to this framework, the stress (i.e., the measured eŠective stress), s, is obtained by adding the viscous component, s v , to the inviscid (or rate-independent) component, s Isotach type: This is the most classical one, observed mainly with cohesive geomaterials, such as sedimentary soft rocks, and also with plastic clays and wellgraded angular gravelly soils in drained triaxial compression (TC) tests (Tatsuoka et al., 2000 ; Anh Dan et al., 2006) . This terminology is after Suklje (1969), originating from Greek isos (same) and tachius (speed). An increment of s v (Ds v ) that develops at any moment by De ir or D ·e ir or both does not decay with an increase in e ir during subsequent loading. So, the current s v is a unique function of instantaneous e ir and its rate, ·e ir , and the strength during ML at a constant ·e increases with ·e. In Fig. 1 , the stressstrain relation at a constant strain rate ·e equal to 10･ ·e0 is consistently located above the one at a lower ·e equal to ·e 0 . Upon a step increase of ·e from ·e 0 to 10･ ·e 0 at point A, the stress exhibits a positive jump and then the stress-strain relation joins a higher one obtained by continuous ML at ·e＝10･ ·e0.
The other three viscosity types are characterized by a decay of the viscous properties with further straining towards diŠerent residual values. , and the strength during ML at constant ·e becomes essentially independent of ·e. In Fig. 1 , the stress-strain relation at a constant ·e＝ 10･ ·e 0 is essentially the same as the one at a lower ·e＝ ·e0. Upon a step increase of ·e from ·e0 to 10･ ·e0 at point A, the stress exhibits a positive jump and then the stress-strain relation tends to rejoin the one obtained if continuing ML at the original ·e. It is typically observed with poorly-graded angular sands in drained plane strain compression (PSC) tests, drained TC tests and drained torsional shear tests on saturated and air-dried poorly-graded angular sands. The terminology TESRA is an acronym for``Temporary EŠects of Strain rate and strain Acceleration'' (Di Tatsuoka et al., 2002 A direct consequence is a decrease in the strength with an increase in ·e during ML at a constant ·e. In Fig. 1 , the stress-strain relation at a constant ·e＝10･ ·e 0 is located below the one at a lower ·e＝ ·e0. Upon a step increase of ·e from ·e0 to 10･ ·e0 at point A, the stress exhibits a positive jump and then the stress-strain relation joins a lower one obtained by continuous ML at ·e＝10･ ·e0. The terminology`Positive & Negative' indicates that this viscous property comprises two competing components, a`positive' one responsible for a temporary stress increase upon an increase in ·e and a`negative' one responsible for a lower residual stress at a higher constant ·e. This type wasˆrstly observed with a uniform round granulate consisting of stiŠ aluminium oxide particles (i.e., corundum granulate) and later on many types of poorly-graded round natural sand in drained TC tests (Enomoto et al., 2009; Tatsuoka et al., 2008a) . c) The viscosity type may change with an increase in shear strain in a single shear test. For example, in drained DS tests on medium dense to dense air-dried specimens of uniform relatively angular sands (i.e., Hostun and Toyoura sands), the viscosity type in the pre-peak regime is TESRA, which gradually changes to P&N in the post-peak regime and remains so at the residual state . This trend was also observed in ML DS tests for a wide range of constant shear displacement rates, diŠerent by a factor of 100,000 ). d) The viscous properties for a given geomaterial type can be properly quantiˆed by the rate-sensitivity coe‹cient ( b13) deˆned as:
where DR13 is a sudden change in the eŠective principal stress ratio R13＝s1/s3 caused by a step change in the irreversible shear strain rate ·g Kiyota and Tatsuoka, 2006) . The same deˆni-tion of b13 is relevant to both TC and TE tests on Toyoura, Hostun and Silica No. 8 sands ). In the DS tests, an apparent rate-sensitivity coe‹cient, bDS, is deˆned in terms of shear and normal stresses and shear displacement. The b13 values converted from bDS values based on several assumptions are consistent with those measured by drained TC and PSC tests ). e) Tatsuoka (2006 Tatsuoka ( , 2007 and Enomoto et al. (2009) evaluated the eŠects of particle size, grading characteristics, particle crushability and particle shape on the b13 values obtained from a series of drained TC and PSC tests performed on a wide variety of granular sands. They showed the following. For a wide range of mean particle diameter D50 from 0.0013 to 7.8 mm, the eŠects of D50 on b13 are insigniˆcant except for saturated clay, where the eŠects of pore water on b13 are signiˆcant. The value of b13 tends to increase with an increase in the coe‹cient of uniformity, U c , as well as particle crushability. With a decrease in the particle angularity, the b13 value tends to decrease, while the viscosity type also tends to change from TESRA type towards P&N type. Lastly, the viscosity type is controlled by the particle shape more signiˆcantly than by the particle grading characteristics. f) With granular materials consisting of stiŠ particles that exhibit TESRA or P&N type in the pre-peak regime, as the particles become less angular, the creep shear strain becomes smaller in drained TC tests (Enomoto et al., 2009 ) and drained DS tests (Kongkitkul et al., 2008). Despite the signiˆcantˆndings mentioned above, it is very di‹cult to evaluate the viscous properties for a wide range of shear loading state, from the pre-peak regime to the full residual state, using TC and PSC tests and torsional shear tests. Duttine et al. (2008 Duttine et al. ( , 2009 showed that the direct shear (DS) tests are more relevant to this end. As the viscosity type tends to change with shear strain and due to this limitation of the TC tests mentioned above, Enomoto et al. (2009) could not su‹ciently quantify the in‰uence of particle shape on the viscous properties of granular materials. The present study aims therefore at conˆrming and better quantifying the eŠects of particle shape on the viscous responses (i.e., the magnitude and type) for a wide range of shear loading state by analysing results from a comprehensive series of DS test on a large variety of poorly-graded granular materials having diŠer-ent particle shapes. In the previous DS tests by ), only TESRA-type and P&N-type viscosities were observed in the pre-peak regime. Therefore, an additional set of DS tests were performed on Chiba gravel-a having a more angular particle shape with a slightly larger Uc value (i.e., 3.05) in the present study, anticipating that this granular material exhibits the Combined type in the pre-peak regime. Another objective of the present study is therefore to conˆrm the eŠects of viscosity type, largely controlled by the particle shape, on the creep deformation characteristics (i.e., the term f above) for a wider range of viscosity type (i.e., Combined, TESRA and P&N types in the pre-peak regime). The last objective of the present study is to validate that all the diŠerent viscous responses exhibited by these diŠerent types of granular material can be simulated in a consistent and systematic manner by the non-linear threecomponent model (Fig. 2) . As discussed earlier, this has important practical implications in the proper evaluation of creep deformation of the ground and of creep structural displacements.
The present paper deals with the analysis, the modelling and simulations of data obtained under speciˆc test conditions (i.e., the drained DS conditions). Yet, it should be noted that the results can be easily generalized to more general stress-strain conditions, since the same model framework as in the previous studies (e.g., in drained triaxial or plane strain compression test conditions) is retained in the present study. After necessary modiˆcations, the model framework (i.e., the non-linear three-component model, Fig. 2 3) The lower shear box travels on a very low-friction rail while the upper shear box is allowed to move freely in the vertical direction guided by a set of ball-bearings, which ensures that the vertical load measured at the top boundary of the DS box is free from side-wall friction. 4) Any friction acting at the bottom of the lower shear box is evaluated with a pair of friction load cells to ensure that the measured rate-dependent responses are entirely due to the material viscous properties. 5) Shear displacements between the upper and lower boxes are directly measured with a laser transducer to ensure that the measurement of shear displacement is free from any error arising due to the testing system compliance. 6) A given shear displacement history is imposed in an automated way by using a high precision gear loading device driven by a servo-motor (Santucci de Magistris et al., 1999). This arrangement allows the control of shear displacement history at will to an accuracy of less than 1 micro-meter while making possible: i) arbitrary smooth switching between displacement and load control phases and among sustained loading, load relaxation and constant displacement rate loading; and ii) stepwise or gradual changes in the displacement rate by a factor of up to 100 without any interruption in a single test or up to 100,000 by changing the number of speed-reduction gears. This feature is indispensable to accurately evaluate the viscous properties of granular materials along a wide range of loading histories. By using a large gear reduction ratio (typically of the order of 1/3,000 or less) from the original rotation rate of the servo-motor to those that were converted to the shear displacement rate of the DS test apparatus, any small delay in the response of the servo-motor to input electric signals is utterly negligible in the time-history of shear displacement. Even if the delay exists, the input electric signals were not used in the data analysis, but only recorded timehistories of shear displacement were used. More details of the apparatus can be found in . Figure 3 shows the gradation curves of the granular materials referred to in this paper. Table 1 lists their physical properties. Materials include eight types of natural sands from largely diŠerent origins. Toyoura sand (Japan), Hostun sand (France), Silica No. 6a sand (Japan), Albany sand (Australia), Silver Leighton Blizzard (SLB) sand (UK) and Ottawa sand (USA) are quartz-rich sands. Ticino sand (Italy) comprises of quartz (28z by volume), feldspar (30z) and mica (5z) (Bellotti et al., 1996) . Monterey sand No. 0 (USA) comprises of quartz, feldspar and granitic rock fragments accounting for 82z by volume. A set of glass beads of diŠerent sizes as follows, provided by TGK Co., Ltd. (Japan) were also used as granular materials having an extreme particle shape (i.e., spherical) by Duttine et al. (2008): 0.05 mm, 0.07 mm, 0.10 mm, 0.15 mm, 0.2 mm and 0.4 mm. A gravelly soil comprising crushed angular sandstone particles from a quarry, named Chiba gravel-a (Japan) was newly prepared for this study. Its grading characteristics (Table 1) are diŠerent from the batch of original Chiba gravel referred to in Enomoto et al. (2009) . Uc of Chiba gravel-a is equal to 3.05, which is slightly larger than those of the sands referred to in the present study, ranging from 1.4 to 2.2. The D50 values of all the granular materials investigated range from 0.05 mm to 1.93 mm while the Uc values range from 1.09 to 3.05. Figure 4 shows the particle shapes of the granular materials described above. Hostun, Toyoura and Silica Table 1 . Physical properties of materials tested and referred to in this study
Degree of angularity, A* (2) Chiba gravel-a 
where n is the number of corners of the polygonized particle; ai is the angle of each corner (in degree); xi is the distance from the edge of each corner to the center of the biggest inscribed circle; and r is the radius of the biggest inscribed circle. The values of A * obtained by averaging the values of a representative number of particles are listed in Table 1 . The DS specimens were prepared basically by multilayer volume-controlled tamping (except for Toyoura sand by air-pluviation): i.e., the specimen was divided into a number of sub-layers and each sub-layer was successively tamped with a square steel rod very carefully so that the prescribed dry density was precisely achieved. The DS tests were performed at a constant average normal pressure sv of 50 or 100 kPa. In the study of Duttine et al. (2008 Duttine et al. ( , 2009 ), the initial opening before consolidation was systematically set between 10 and 20･D50 of the respective materials (i.e., natural sands and glass beads). In case of Chiba gravel-a, the opening was limited to 5 mm, as 10･D50 comes to about 20 mm, which is as high as about one third of the height of a half DS box (60 mm) and it was considered that this large opening would provoke signiˆcant stress release at the specimen edges. whole range and zoom-ups, b) in the pre-peak regime and c) at the residual state ML TESTS WITH STEP CHANGES IN SHEAR DISPLACEMENT RATE Figure 6 presents the relationships between the shear stress ratio acting on the horizontal plane (RDS＝the shear stress tvh divided by the average vertical stress sv) and the shear displacement (s), and between the vertical displacement (d, positive in compression) and s from a DS test on dense air-dried Chiba gravel-a. A stepwise change in the shear displacement rate ( · s) by a factor of 100 was repeated at every shear displacement increment of 0.5 mm from the pre-peak regime until the end of test (at the residual state). The factor of 100 was selected for convenience in order to readily quantify the rate-sensitivity coe‹cient (describing the magnitude of viscous properties), which is assumed to be proportional to the logarithm of this ratio according to Eq. (3) (explained later), while this factor can also be conveniently applied by the DS apparatus used. Di Benedetto et al. (2002), Tatsuoka et al. (2002) and Duttine et al. (2009) showed that any factors within a wide range, from 1/1,000 to 1,000, could be indiŠerently employed, excluding extreme conditions of very low and very high displacement (or strain) rates.
Figures 6(b) and (c) show magniˆedˆgures at, respectively, the peak state and at the residual state. The simulations presented in theseˆgures are explained later in this paper. The following behavioral trends are seen: 1) Around the peak stress state (Fig. 6(b) ), immediately after a sudden increase (respectively decrease) in · s by a factor of 100, RDS exhibits a sudden increase (respectively decrease) that gradually decays during the subsequent ML at a higher (respectively slower) · s, to reach residual values that are consistently higher (respectively lower) than the RDS values that would have been obtained if the ML had continued at the previous lower (respectively higher) · s. This viscous response has been called Combined type (Fig. 1) . 2) Gradually in the post-peak regime and obviously at the residual state ( Fig. 6(c) ), the sudden jumps in RDS upon any step changes in · s decays towards residual values that are essentially similar to the ones that would have been obtained if ML had been continued without any change in · s (i.e., TESRA-type behaviour).
3) The ‰ow characteristics are much less sensitive to changes in · s than RDS, in particular until some after the peak stress state (Fig. 6(b) ). This trend is consistent with the behaviour of poorly graded angular and round sands in DS tests reported by Duttine et al. (2008) . The trends of behaviour described above indicate that Chiba gravel-a exhibits a transition of viscosity type from Combined to TESRA with the evolution of shear loading stage from the pre-peak regime to the post-peak regime and towards the residual state.
This trend is similar to the one observed with poorlygraded angular sands, Hostun, Toyoura, Silica No. 6a and Ticino sands in that the viscosity type changes with an increase in the shear displacement, despite that, with these sands, the viscosity type changes from TESRA in the pre-peak regime to P&N at the residual state . Typical DS test results showing the above are presented in Figs. 7 through 10. The simulations presented in theseˆgures were newly made in the present study, as explained later.
Figures 7(a), 8(a), 9(a) and 10(a) clearly show that, in the pre-peak regime, a sudden decrease in RDS upon a step decrease in · s decays toward zero during subsequent ML at 10(c) ), the value of RDS that has exhibited a sudden decrease upon a step decrease in · s approaches the residual value that is consistently higher than the value that would have been exhibited by the previous ML at a higher · s (i.e., P&N type viscosity). As discussed later, the diŠerences in the viscosity types exhibited by Chiba gravel-a and the poorly-graded angular natural sands could be attributed to the fact that Chiba gravel-a comprises more angular and less uniform particles.
It was conˆrmed that all the trends of viscous behaviour described above are not, in any case, due to a variation in sv, or variable friction acting between the lower shear box and the supporting rail, or an excessive tilting (Figs. 11(a)-14(a) ), the features of P&N type viscosity are obvious. Then, gradually into the strain-softening regime (Figs. 11(b)-14(b) ) and at the residual state (Figs. 11(c)-14(c) ), the stress-strain behaviour becomes more peculiar as follows: a) Upon a stepwise increase in · s, the stress ratio RDS suddenly increases by a certain amount. b) Immediately after this event, as indicated by an arrow marked S in Fig. 11 , RDS exhibits a very sudden and signiˆcant drop towards a value much lower than the residual strength observed subsequently. c) Then, RDS gradually recovers towards residual values which are still lower than the values that would have been obtained if ML had continued at the previous lower · s. d) On the other hand, upon a stepwise decrease in · s, a typical P&N viscosity response is exhibited without the unstable behaviour described above, like the one exhibited by relatively angular sands at the residual state (Figs.  7(c)-10(c) ).
Trends a), c) and d) indicate that the underlying basic viscosity type after the peak state is still the P&N type. On the other hand, trend b) is obviously a diŠerent phenomenon from the P&N type viscosity. Duttine et al. (2008) argued that this phenomenon is the manifestation of rate-independent stick/slip motions: i.e., a sudden collapse of micro-structure associated with sliding of particles towards adjacent pore space, occurring simultaneously at many inter-particle contact points that are su‹cient to aŠect the overall stress conditions. This phenomenon can be otherwise more systematically observed with spherical glass beads of similar size as the natural sands tested.
QUANTIFICATION OF VISCOUS PROPERTIES
Duttine et al. (2008) showed that the following parameters can adequately describe the viscous properties of granular materials observed in the DS tests: Fig. 15 . Deˆnitions of the physical quantities used to express the DS rate-sensitivity coe‹cients (Eqs. (3) and (4) ; uDS＝ (bDS)r bDS (4, 5) where, referring to Fig. 15 : bDS is the DS rate-sensitivity coe‹cient, which quanties the changes in the stress ratio RDS due to a step change in the irreversible shear displacement rate in the DS test; DRDS being the jump in RDS (＝tvh/sv) taking place due to a step change in the irreversible shear displacement rate ( · s ir ) from · s ir before to · s ir after when the stress ratio is equal to RDS;
(bDS)r (Eq. (4)) is the DS residual rate-sensitivity coe‹cient, which illustrates how a jump of RDS that has taken place due to a step change in the irreversible shear displacement rate can survive subsequent shear displacements in the DS test; D(RDS)r being the residual value of DRDS after it has fully decayed during the subsequent ML after a step change in · s ir ; and (RDS)r being the RDS value where D(R DS ) r is deˆned along the stress-displacement curve obtained if the previous ML had continued at the constant · s ir before . Under the test conditions referred to in the present study, · s ir after /· s ir before can be considered the same as · safter/· sbefore. u DS (Eq. (5)) is the viscosity type parameter in the DS test, which quantiˆes the residual viscous properties in a normalised manner, while conveniently characterizing the diŠerent viscosity types: i.e., uDS＝1.0 for Isotach type; 0ºuDSº1.0 for Combined type; uDS＝0 for TESRA type; and u DS º0 for P&N type. Figure 16 shows the values of s bDS; (bDS)rtand uDS plotted against the shear displacement (s) obtained from the DS test result of Chiba gravel-a presented in Fig. 6 . bDS is kept rather constant throughout the test, whereas s (bDS)r; bDStshow a transition from positive values (i.e., Combined type) to essentially null values (i.e., TESRA type). Despite some large scatter in the data at the residual state, it is obvious that the values of (bDS)r and uDS at residual state are generally signiˆcantly smaller than those at the pre-peak regime. The peak range indicated in Fig. 16 is deˆned as the range of shear displacement corresponding to stress values larger than around 80z of the peak stress ratio. Figure 17 shows the evolution of s bDS; (bDS)r; uDSt with s from the typical DS test result of dense Toyoura sand presented in Fig. 8 . Similarˆgures from the test results presented in Figs. 7, 9 and 10 are reported in Duttine et al. (2008) . In Fig. 17 , bDS is rather constant for a wide range of shear displacement, while (b DS ) r and therefore the viscosity type parameter (uDS) exhibit a clear shift from null values (i.e., TESRA type) until around the peak stress state, tending towards negative values (i.e., P&N type) in the post-peak regime and at the residual state. The transition of viscosity type starts around the peak stress state in Fig. 17 , while it is slightly later, in the post-peak regime, in case of Chiba gravel-a (Fig. 16) . Again, these diŠerent trends can be attributed to the fact that Chiba gravel-a comprises slightly less uniform and more angular particles than Toyoura sand. In Figs. 16 and 17, the test results areˆtted by the following empirical equations: where s bi; bf; s0; n; ui; uftare constants; s bi; uitare the initial values in the pre-peak regime while s bf; uftare thê nal values at the residual state; s0 is the shear displacement after which the constantˆnal values s b f ; u f tcan be assumed; and n is the power that controls the rate of transition from s bi; uitto s bf; uft .
The values of constants s bDS; bi; bf; ui; uf; s0; ntdetermined from the DS tests depicted in Figs. 6 through 14, as well as DS tests on glass beads ( see Duttine et al., 2008 for details), are listed in Table 2 . The values of Chiba gravel-a were determined in the present study. EŠects of particle size and particle shape on these viscous parameters are examined below.
EŠect of Particle Size
In Fig. 18 , the values of bDS (Table 2) are plotted against D50 for all the granular materials analysed in this study. No clear eŠects of D50 on the bDS values could be noticed in the case of natural sands and gravel. A noticeable variation for the same D50 is due to the eŠects of particle shape as shown below. These observations are consistent with the trend of the rate-sensitivity coe‹cient, b13 (Eq. (1)) observed in a large number of drained triaxial and plane strain compression tests performed on a wide variety of natural sands and gravels as well as air-dried clay powder (Enomoto et al., 2009 ). In the case of glass beads, as indicated by a colored arrow, bDS tends to decrease with an increase in D50 from a threshold value of around 0.2 mm towards ultimately zero (that is, a rate-independent behaviour).
This trend should be related to the rate-independent stick/slip phenomenon, which becomes more dominant with an increase in the ratio of the particle size to the DS specimen size (Duttine et al., 2008) . Therefore, it is considered that this trend is not representative of the general trend of the eŠects of particle size on the rate-sensitivity coe‹cient, b13 (Eq. (1)) and bDS (Eq. (3)), of ordinary natural sands and gravels. Figure 19 shows the values of uDS as a function of D50 for the same materials. The average uDS values (i.e., (ui＋uf)/2) of natural sands and gravel are represented by hollow symbols while the range of variation from the maximum value in the pre-peak regime towards the minimum value at the residual state is indicated by vertical bars. With natural sands and gravel, again, no speciˆc eŠects of D50 can be seen in these data. The variation in the uDS values is also due to the eŠects of particle shape, as shown below. In the case of glass beads having a mean particle size of 0.1, 0.15, 0.2 and 0.40 mm, hollow symbols represent the uDS values exhibited in the pre-peak and early post-peak regimes only. Unlike bDS, rather small eŠects of particle size can be seen on the viscosity-type parameter for glass beads, which suggests that the viscosity type is basically conserved despite its overall decrease in magnitude with an increase in D50 as shown in Fig. 18 .
EŠects of Particle Shape
In Fig. 20(a) , the values of b DS (Table 2) are plotted against the logarithm of the degree of particle angularity (A * ) (Table 1) , except glass beads where the values of bDS are plotted at A*＝0 in a separate scale. A consistent increase in bDS with an increase in A* may be seen. In Fig.  20(b) , the values of b 13 is similar to the value obtained by another possible assumption that the stress-strain behaviour is essentially elastic immediately after a step change in · s. The true value would be in between the values derived based on these two assumptions. As b (c) 13 (Eq. (A-1) ) is not constant any more with shear displacement, the range of its variation is indicated by vertical bars in Fig. 20(b) . In thisˆgure, these converted DS test data (i.e., b 
where N is the number of data couples (xi; yi)1ÃiÃN and f(xi) theˆtting function (Eqs. (6) or (7)) evaluated in xi.
( * ) values determined based on pre-peak and early post-peak regimes only. Fig. 18 . EŠects of D50 on the rate-sensitivity coe‹cient ( bDS) for all granular materials considered Fig. 19 . EŠects of D50 on the rate-sensitivity coe‹cient (uDS) for all granular materials considered
VISCOUS PROPERTIES OF GRANULAR MATERIALS
The scatter in the data is relatively large.
2) The values of b (c) 13 are generally slightly larger than the b13 values for angular sands, while the diŠerence is much smaller for round sands and glass beads. 3) Despite the trends above, the increasing trend with A* is obvious and similar with both b (c) 13 and b13. These results indicate that, with respect to the eŠect of particle shape on the coe‹cient of rate sensitivity, the DS test data obtained from the present study is consistent with those from the TC and PSC tests reported by Enomoto et al. (2009) . The eŠects of particle shape on the viscosity type are more obvious than on the rate sensitivity coe‹cient as shown below. Figures 21(a) and (b) show the values of uDS in the pre-peak regime (＝ui in Eq. (7)) and uDS in the post-peak regime and residual states (＝uf in Eq. (7)), with both plotted against log A * . It may be seen that both ui and uf values are highly correlated with A* and both increase with an increase in log A * . The fact that the average curves for the ui-log A * and uf-log A* relations (excluding the data of glass beads) are diŠerent is consistent with the trend of viscosity type transition with shear displacement, mentioned in the preceding sections. These results conˆrm the behavioral trend obtained from drained TC and PSC tests presented in Fig. 21 Like the DS rate-sensitivity coe‹cient (bDS), the DS viscosity-type parameter (uDS)＝(bDS)r/bDS can be converted to the viscosity-type parameter expressed in terms of the principal stresses as u＝(b13)r/b13. As in Fig. 20(b), Fig.  21(c) compares the u values from the DS tests that have been converted by Eq. (A-4) (APPENDIX A) with those obtained directly from the drained TC and PSC tests performed on dense specimens of granular materials (after Enomoto et al., 2009 ). The range from the maximum value at the pre-peak regime to the minimum value at the residual state in the DS test as well as the range from uini to uend from the TC test (Enomoto et al., 2009 ) for the respective materials are represented by vertical bars with a data point at the center of the respective bars for the average value. In this comparison, it should be noted that, due to the intrinsic features of the DS and TC tests, the respective u values from these two types of shear tests are not strictly obtained for the same range of shear loading level. That is, the values of ui measured by the DS tests may not capture the initial values of uDS at small strains and therefore their converted values could be smaller than the initial values of uini measured by the TC tests. On the other hand, the values of uend measured during the initial stage of the post-peak softening regime in the TC tests may be larger than the corresponding values at the full residual state, uf, measured by the DS tests. Therefore, it is natural that the u values from the DS tests are generally smaller than those from the TC tests when compared for the same A* value. When taking into account this point, we can see from Fig. 21(c) that the viscosity type parameters measured by the DS and TC tests are very consistent, with both showing uf increase with an increase in A*. The b DS -log A*, u i -log A* and u f -log A* relations from the DS tests presented in Figs. 20(a) and 21(a), (b) can be reasonablyˆtted by the following empirical logarithmic sigmoid function:
where y stands for ui, uf or bDS; and x for A * ; while s y0; C; x0; k; mtare constants. Their values used in the Figs. 20(a) and 21(a), (b) are shown in Eq. (15) presented later. They were obtained as follows. Equation (8) describes an S-shaped y-log (x) relation, exhibiting asymptotic behaviours when A * approaches 0 (i.e., for perfectly round particles) and inˆnity (i.e., for extremely ‰at elongated particles, such as natural clay particles). It was therefore assumed that, when A* approaches 0, the s u i ; u f ; b DSt values approach those exhibited by glass beads having similar sizes as the natural sands and, when A * becomes extremely large, the s ui; uf; bDStvalues approach those typically exhibited by oven-dried or air-dried clay powder (＝y 0 ＋C). In particular, u i ＝u f are equal to 1.0, as compacted oven-dried clay powder exhibits typically Isotach type viscosity in drained TC tests and 1D compression tests ; while the maximum value of bDS that can be derived from these tests on compacted clay powder is of the order of 0.05. Finally, x 0 corresponds roughly to the abscissa from which y starts deviating from the asymptote (y＝y0) while the powers s k; mtcan be related to the slope of the linear part in the Sshape in the y-log (x) plot. The bestˆtted values obtained by least square method were considered. It may be seen that the DS test data presented in Figs 
( 1 0 where s ui; ritand s uf; rftare respectively the initial and nal values of uDS and r1; and s nu; nr1; s ir 0.u ; s ir 0.r1 tare constants. In the following, it will be assumed that nu＝nr1＝ n (in Eq. (7)) and s ir 0.u ＝s ir 0.r1 §s0 (in Eq. (7)). Finally, R f DS is described by the following function proposed by Duttine et al. (2008 Duttine et al. ( , 2009 ) is deˆned as the reference curve, i.e., the stress-displacement relation devoid of any viscous eŠects.
Determination of the Model Viscous Parameters and Simulations
The model parameters introduced in Eqs. (9) to (12) Table 2 . To determine the values of s ri; rft , trial simulations of given test data wereˆrst conducted using an arbitrary set of values s r i ; r f t . These values were then modiˆed until the experiments were simulated correctly. All the parameters for the viscous properties used in the simulations reported in this paper are listed in Table 3 . The viscosity function gv( · s ir ) and viscosity-type parameter (uDS)ˆnally determined are shown in Figs. 23 and 24 .
Figures 6 to 10 compare the simulated and experimental RDS-s relations from the DS tests performed on poorly graded and relatively angular sands and on Chiba gravel-a, which is slightly better graded and has slightly more angular particles. The tests included successive step changes in the shear displacement rate ( · s). Figures 11 to 14 show similar comparisons for poorly graded and relatively round sands. It may be seen from theseˆgures that, other than the stick-slip phenomenon observed in the post-peak regime with the round sands (Figs. 11-14) , all viscous responses are accurately simulated: i.e., the stress jumps upon step changes in · s, their decay during subsequent shearing, the transition of viscous property from TESRA type to P&N-type (Figs. 7-10 ) or from Combined type to TESRA type (Fig. 6) , and the trend of P&N type becoming stronger with shear displacement (Figs.  11-14) . It is to be noted that, although the model parameters were obtained basically byˆtting procedures using the respective given data, all such peculiar viscous responses as listed above are accurately simulated based 
EŠects of Particle Shape on the Parameters for Viscous Properties
The eŠects of particle angularity on the viscous properties of granular materials consisting of stiŠ particles while having a relatively narrow range of Uc, less than 3.2, are analyzed below. The eŠects of a wide range of Uc and particle crushability are not examined. In the present study, following Duttine et al. (2009) , the DS test results were simulated by assuming that the decay parameter (r1) changes with shear displacement in a way similar to the viscosity-type parameter (uDS) (Eqs. (11) and (12) However, the scatter of the data was very large and the residual values, rf and u f , could not be evaluated by the TC tests, and therefore, the obtained correlation was not conclusive. To examine this correlation using the DS test data, the s ri; rft and s ui; uftvalues listed in Table 3 are plotted against each other in Fig. 25 . It may be seen that a strong and common correlation exists between r i and u i and between rf and uf. Referring to Fig. 21 , the result indicates that these parameters consistently decrease with a decrease in the degree of particle angularity A*. Then, the following empirical relationship between r1 (＝ri and rf) and uDS (＝u i and u f ) wasˆtted to the data presented in Fig 
where s A; B; k; a0; dtare constants. For shear displacements in mm, the bestˆtted values are equal to s 30; 2.0; 0.47; 2; 4.7twith an overall standard deviation on r 1 of the order of 2･10 -1 . Note that the values of these parameters may be diŠerent under diŠerent test conditions.
Summarizing the eŠects of A* on the three basic parameters s bDS; u; r1tfor the relatively poorly graded granular materials under the DS test conditions reported in the precedent sections, the following empirical relations are obtained: EŠects of Viscosity Type on the Creep Deformation:
The prediction of creep deformation is one of the important geotechnical engineering issues. Figures 26(a), (b) and (c) show the RDS-s relation from three DS tests including otherwise successive three-hour sustained loading (SL) stages at increasing stress levels performed on similarly dense Chiba gravel-a, dense Toyoura sand and dense Ottawa sand. Figure 27 summarizes the experimentally obtained creep shear displacements after three hours as a function of the stress level (R DS /R DS.peak ). The simulations of these tests shown in Figs. 26 and 27 were conducted using the parameters listed in Table 3 . It may be seen that, for the three diŠerent viscosity types (i.e., Combined via Chiba gravel-a, TESRA via Toyoura sand and P&N via Ottawa sand), the creep deformation as well as the magnitude of stress jump on restarting ML and its gradual decay during subsequent shearing are all very well simulated. Kongkitkul et al. (2008) suggested signiˆcant eŠects of viscosity type on the creep deformation based on numerical simulations using the three-component model. It may also be seen from Fig. 27 that, under similarly dense conditions, the creep deformation decreases signiˆcantly as the viscosity type changes from Combined (Chiba gravela) to TESRA (Toyoura) and then to P&N (Ottawa sand). This trend is very well simulated by the three-component model using the parameters s uDS; r1tthat were determined separately based on other sets of data (Figs. 6, 8  and 12 ). Then, the eŠects of particle angularity on the creep deformation are implicitly taken into account by using these parameters for the viscous properties, expressed as a function of particle shape in Eq. (15) . Note that the viscosity type is controlled not only by particle shape but also by other particle properties (i.e., Uc and particle crushability).
CONCLUSIONS
From the DS test results of granular materials and their model simulations presented in this paper, the following conclusions can be derived: 1) Unbound granular materials (i.e., sand and gravel) exhibit signiˆcant and peculiar viscous behaviour over a wide range of shear loading stages from the pre-peak strain-hardening regime, via the post-peak stresssoftening regime,ˆnally to the residual state. 2) The particle shape has deˆnitive eŠects, while not exclusively, on the viscosity type and the manner of its transition.
3) The viscous properties can be adequately quantiˆed in terms of the following set of parameters: the rate-sensitivity coe‹cients, bDS and ( bDS)r, and the decay parameter, r1; or the alternative set comprising bDS, the viscosity type parameter (uDS＝( bDS)r/bDS) and r1. bDS represents the relative magnitude of stress jump upon a step change in the shear displacement rate and ( bDS)r is the residual value of bDS after full decay of the apparent viscous properties. The decay parameter r1 describes the rate of decay of the viscous properties with further straining. 4) These three basic parameters mentioned above are strongly controlled by particle shape, while being essentially independent of particle size. Empirical relations between these parameters and the degree of particle angularity were derived. 5) The viscous responses of a given type of granular material in DS tests performed for various loading histories including arbitrary step changes in the shear displacement rate and sustained loading stages can be very well simulated by the non-linear three-component model using these model parameters for the viscous properties. These parameters for a given type of granular material can be determined by performing a single DS test including repeated step changes in the shear displacement and preferably one sustained loading. 6) The creep deformation of granular material decreases as the viscosity type changes from Isotach to TESRA and then to P&N, associated with a decrease in the particle angularity under otherwise similar conditions.
